Rapid maxillary expansion is employed for the treatment of cross-bite and deficiency of transversal dimension of the maxilla in patients with and without cleft of palate and lip. The aim of this study is the finite-element analysis of stresses and displacements of skull, with and without unilateral cleft, after application of the HYRAX orthodontic device. Three different constructions of the orthodontic Hyrax device with different positions of the screw -in the occlusal horizontal plane, near occlusal horizontal plane and near the palate -are considered. Application of the orthodontic device corresponds to the rotation of the screw on one-quarter turn. It is established that the screw position significantly affects the stress patterns in skull and displacements of the cranium with and without unilateral palate cleft. Depending on the construction of the orthodontic appliance, the maxilla halves in the transversal plane are unfolded or the whole skull is entirely rotated in the sagittal plane. The obtained results can be used for designing of orthodontic appliances with the Hyrax screw, as well as for planning of osteotomies during the surgical assistance of the rapid maxillary expansion.
Introduction
Rapid maxillary expansion is one of the various treatments for the narrow transverse dimension of the maxilla. The rapid expansion of the maxilla is rec-158 S. Bosiakov et al. ommended by using fixed devices, in particular, Hyrax or palatially distractors to separate parts of the maxilla by opening the mid palatal suture [4, 8, 19] . The most hygienic devices among the various types of orthodontic appliances are with a Hyrax screw. Furthermore, devices of this type are the least traumatic and more comfortable for the patient, and also they have a low percentage of complications after application. At the same time, the design features of devices for maxillary expansion affect the intensity and nature of displacement of bone structures of the skull and teeth [11, 20] .
Generally, to understand the influence of maxillary dilatation on the bone structures of the skull and teeth the finite element modeling is used [6, 10, 12, 13, 14, 17, 18, 22] . An extensive review of the computational calculations of stresses and displacements of the maxillary complex when exposed to different types of orthodontic appliances was done in one of the previous works [15] . Common simplifying assumption adopted in the above-mentioned works and other similar finite element studies is the simulation of action orthodontic appliance on the bone structures of the skull through the application of transversal displacements or forces to certain teeth. In particular, to simulate the clinical situation, ere applied displacements of 5 mm were applied in a transversal plane to the upper premolars and first molars [17] . In [22] it is assumed that the orthodontic device is absolutely rigid. Therefore, for modeling the clinical situation in [22] , certain displacements were applied corresponding to a specific number of revolutions of screw of the machine. The authors emphasize that the same simplifying assumptions are made in other known studies, see [12, 13, 18] .
The goal of this study is the comparative analysis of stresses and displacements of bone structures of the skull, with and without palate cleft after application of different designs of orthodontic Hyrax device. Designs of orthodontic device differ in the arrangement of the screw relative to the palate. Therefore, another goal is to evaluate the influence of the location of the Hyrax screw on the distribution and magnitudes of stresses and displacements in the maxillary complex. Finite element method is used to achieve these goals.
Finite-Element Modelling
Development of the finite element models of the skull, orthodontic appliance and the abutment teeth is described in [2, 3] . Evaluation of the stress-strain state of the maxillary complex was carried out for three designs of orthodontic appliance: design with an arrangement of rods and screw in the same horizontal (occlusal) plane (Model 1) and, designs with a screw displaced to the palate relatively to the horizontal plane of 2 mm and 8 mm (Model 2 and Model 3, respectively). The geometrical dimensions of orthodontic appliances are the same, except for the lengths of the rods which are connecting the screw of appliances with premolars and the screw with the molars. Periodontal liagament wasn't considered, because after application of the orthodontic appliance the abutment teeth completely cover the periodontal crevice [22] . The models of the orthodontic appliance are set up on the skull with one-side cleft or without cleft. The palate cleft is transparent and placed on the level of the second incisor on the left. The number of the elements and nodes in the calculation models of the skulls, abutment teeth and orthodontic appliances are shown in Table 1 . Moduli of elasticity for the bones of the maxillary complex, orthodontic appliance and abutment teeth are shown in Table 2 . Poisson's ratio for all the materials are equal to 0.3 [21] . The loading of the skull was carried out by a transversal movement of each plate on 0.2 mm (corresponds to a quarter turn of the screw of the orthodontic appliance [4, 7, 9] ). Fastening of the skull was carried out in the nodes located near the occipital foramen [12, 13, 18] . 
Craniofacial Complex without Palate Cleft
From the stress distributions shown in figure 1 , it is seen that the stresses after application of Model 1 occur mainly in the region of upper jaw. Sufficiently high stresses are observed in the middle and lower part of the nasal passage, and also in the lower region of the left eye-socket. It can be concluded that even a slight displacement of the screw of the device from the occlusal plane to the palate leads to a redistribution of stresses in the base of the skull from the palatal part of the upper jaw to the occipital bone and the occipital foramen through the pharyngeal tubercle (Fig. 2 ). After application of Model 2, the stress state from the pharyngeal tubercle extends to the sphenoid bone, in particular to the lateral and medial pterygoid plates ( Fig. 2) and shows that sufficiently high stresses occur in the alveolar and frontal processes of the upper jaw, in region of pharyngeal tubercle and the occipital bone. From figure 3, it can be seen that after application of Model 3 the upper jaw is loaded in certain areas, and stresses are decreased. In facial part of the skull the stress region shifts from the upper jaw to the nasal aperture and to the zygomatic processes. Stresses are practically absent in the base of the skull in the region of the median palatal suture, and remain only in the region of the intermaxillary bone. At the same time, stresses occur in the occipital and the sphenoid bone in the region of occipital foramen. The stresses are practically absent in the region of the median palatal suture. Stresses in the upper jaw appear fragmentary, and the most significant stresses are observed on the lateral sides of the upper jaw. Stresses are absent in the facial part of the upper jaw, and stress region is almost completely transferred to nasal aperture. It can also be noted that, stresses increase in the sphenoid and occipital bones in the skull base. From the results obtained it can be noted that after application of Model 2 (Fig. 4b) , maximum displacements of points on the skull are highter than in the case of Models 1 (Fig. 4a) and 3 (Fig. 4c) . Calculation of the displacements of points on the skull without cleft for intermediate positions of the screw of the orthodontic appliance (between positions corresponding to Models 1 and 3) shows that even with a slight displacement of the screw of the orthodontic appliance from the occlusal plane to the palate, displacements of points on the skull increase and reach maximum values when the location of the screw of the appliance is approximately at a distance of 0.25 mm from the occlusal plane. Upon the displacement of the screw of the orthodontic appliance to the palate, the maximum displacements of the points on the skull decrease to values corresponding to Model 3 (Fig. 4) . At the same time, when using Model 2 the maximum transversal displacements significantly exceed (more than twice) the transversal displacements when using Model 3 (Fig. 4b) . The vector fields of displacements ( Fig. 4b and 4c) show that after application of Models 2 and 3 the skull is rotated counterclockwise (when viewed from the positive direction of the x-axis).
Craniofacial Complex with Palate Cleft
From figure 5 it can be noted that after application of Model 1, high stresses occur in the maxilla, the zygomatic process of the maxilla, nasal cavity, as well as in the regions of the maxillary and the zygomatic bones, located next to the eye-sockets. Area of stresses extends into the frontal process of maxilla, located on the same side of the skull as a palate cleft. Furthermore, stresses noticeable in nasal bone and the fronto-nasal, internasale and naso-maxillary sutures. In the skull base, the region of the high stresses is distributed through the lateral and medial pterygoid laminas to the pharyngeal tubercle. It should be noted that stresses also occur in the area covering the sulcus of the auditory tube. This indicates that maxillary expansion can have an impact on the enlargement of the nasal cavity and improvement of nasal breathing [1, 5, 13, 14, 17] , as well as change in hearing in patients with palate cleft. Note that shortterm and long-term effects of maxillary expansion on the auditory conduction is described in [16] . From figures 5−7, it is seen that the difference between the stress distributions are mainly in the values of the stresses. Stresses in the region of the infraorbital foramen, zygomatic and frontal processes of the maxilla and of the zygomatic bone decrease after application of Models 2 and 3 as compared to Model 1. Stresses almost disappear in the region of the zygomatic bone and infraorbital foramen after application of Model 3 ( Fig. 7) . At the same time, it is seen that the region of the stresses in the zygomatic and frontal processes of the maxilla remains practically unchanged. Stress state remains practically unchanged in the base of the skull after application of Models 1-3 ( Fig. 5-7 ). Vector fields of full displacements arising in the skull with unilateral cleft after application of Models 1÷3 are shown in figure 8. Upon the application of Model 1, there is rotation of two parts of the upper jaw relative to the horizontal axis (extending along y-axis), located approximately in the region of the nasal aperture. The largest are the components of the total displacement directed along the x-axis, i.e. transverse displacements (Fig. 8a) . At the same time, the transversal displacements is comparable to the vertical component of the complete displacement, directed along the z-axis (Fig. 8a) . The component of the vector of the total displacements of the upper jaw, collinear to z-axis (the z-axis), for the most parts of the maxillary complex is directed along the positive direction of this axis, and in the region of the front incisors and the nasal aperture is directed in the opposite direction. The smallest among the components of the total displacement is a sagittal displacement along the yaxis (Fig. 8a) . The upper part of the skull and the region of the front jaw in the horizontal direction move backward while the rest of the upper jaw and the zygomatic arch slightly move forward. The displacement distributions that occur after application of Model 1 and 2 ( Fig. 8b) are qualitatively almost identical to each other. The transversal dis-placements of the points on the skull run up to high enough displacements, compared to the values of transversal displacements which are observed after application of Model 1. From figure 8c it can be observed that after application of Model 3, the direction and magnitude of total displacement significantly changed as compared to Model 1. Mainly, the total displacements are directed along the z-axis. Thus, the front part of the skull moves down, and the rear part goes up, which leads to the rotation of the skull counterclockwise relative to the positive direction of the z-axis.
Conclusions
The highest stresses are observed in the alveolar processes of the upper jaw regardless of the location of the screw of the orthodontic appliance relative to the palate in the skull without cleft. Upon the displacement of the screw of the appliance from the occlusal plane to the palate, stresses are transferred from the upper jaw and its zygomatic processes to the frontal processes of the maxilla and cover the nasal cavity. The stress distributions after application of Model 1 and Model 2, in the base of the skull without clefts have significantly complicated form. The maximum values of the stresses decrease when the design of orthodontic appliance changes from Model 1 to Model 2, and the maximum stresses decrease in a nonlinear manner. The slight deviation of the screw of the appliance from the occlusal plane, corresponding to Model 3, in the skull without cleft does not lead to a qualitative change of the stress distribution. Total displacements of the points of the skull without cleft have the highest value, if the screw of the orthodontic appliance is slightly displaced from the occlusal plane to the palate. If the screw is located near the palate, mainly, the displacements of the points on the skull are directed vertically. The largest transversal displacements are observed in the skull after application of Model 2. The vector fields of the displacements show that after application of Models 2 and 3, the skull is rotated counterclockwise (when viewed from the positive direction of x-axis).
Stress distributions appear to be similar in the skull with unilateral palate cleft. The displacement of the screw of the orthodontic appliance to the palate in the skull with unilateral cleft leads to the decrease of the stresses in the region of the infraorbital foramen, zygomatic and frontal processes of the maxilla and in the zygomatic bone. At the same time, stresses in the zygomatic and frontal processes of the maxilla remain almost unchanged. The stress state remains practically unchanged in the base of the skull, when the screw of the orthodontic appliance is moved to the palate. Therefore, we can conclude that the stresses change qualitatively in the base of the skull, if the screw of the appliance is located directly near the palate. High stresses occur in the region of the mandibular processes of the upper jaw, both when using Model 1 as well as using Model 3. After application of Model 1 in the skull with cleft, two parts of the upper jaw turn relative to the horizontal axis (extending along the y-axis), located approximately in the region of the nasal aperture. Transversal displacements are the largest component of the total displacement. The displacement distributions that occur after application of Model 1 and 2 qualitatively almost coincide with each other. After application of Model 3, the direction and magnitude of total displacement significantly changed as compared to the appliance of Model 1. Mainly, the total displacements are directed along the vertical line. Thus, the front part of the skull moves down, and the rear part goes up, which leads to the rotation of the skull counterclockwise relative to the positive direction of the axis Oz. The skull with cleft is almost not rotated after application of Model 3 as compared to Models 1 and 2.
